Populations of Drosophila melanogaster derived by bidirectional selection for high (HA) and low (LA) aggregated oviposition behaviour differ significantly in the duration of the larval period and adult size because of differences in the developmental profiles for feeding rate over successive phases of larval growth. Feeding rates of HA larvae are significantly lower than those of LA larvae during the flexible period of growth which precedes attainment of critical mass for pupation. Consequently the HA larvae have a slower mean rate of development. In the fixed postcritical period of development the feeding rates of HA larvae are significantly higher than those of LA larvae. This causes a greater postcritical growth increment and larger adult flies. HA and LA larvae respond adaptively by changing the expression of components of their foraging behaviour depending on whether they are in or out of food. LA larvae exhibit a more flexible pattern of response and are also more successful competitors when food resources are limiting.
Introduction
The preadult stages of many Drosophila species occupy breeding sites in which resources are transient and patchy in distribution. According to Shorrocks (1990) two species exploiting the same resource patches might never exclude one another entirely, despite competition between them, provided the preadult stages of both species have aggregated and independent distributions. Genetic differences in the tendency to aggregated oviposition behaviour between populations, or species, could create precisely these conditions.
Various environmental factors including olfactory cues and differences in the conformation and texture of the substrate are known to influence the choice of oviposition sites, but aggregated oviposition by D.
melanogaster females is also known to be genetically controlled and to respond to selection (RuizDubreuil & del Solar, 1986 , 1991 . RuizDubreuil et a!. (1994) showed that differences in levels of aggregated oviposition over homogeneous sites actually depend on differences in level of aggregation in the spatial dispersal patterns of the females from the selected populations. *Correspondence. 1996 The Genetical Society of Great Britain.
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The intensity of aggregated oviposition affects the pattern of progeny survival when the unit of resource of each patch is small (Ruiz-Dubreuil et al., 1994) . Larvae from females with the most highly aggregated oviposition behaviour may overload the carrying capacity of the limited patches or resource units, causing localized food shortage and an increase in intraspecific competition. The outcome of competition may crucially depend on larval foraging behaviour as well as on the ways in which resources are distributed in the environment.
Almost the entire period of larval development of D. melanogaster is devoted to foraging. Indeed larvae might be described as little feeding machines. The principal components of foraging behaviour have been described by Green et a!. (1983) . When larvae feed they rake rhythmically over the substrate with the mouth hooks and ingest by means of the pumping action of the muscular pharynx. Individual differences in larval feeding rate are genetically determined and affect larval growth rate, survival and competitive ability (Sewell et a!., 1975; Burnet et a!., 1977) . Sokolowski (1980) identified a behavioural polymorphism in D. melanogaster larvae. Larvae designated rover have long foraging path lengths, whereas those designated sitter have short path lengths. This difference in expression of behaviour was found to be controlled by a major gene foraging (for) located on the second chromosome (De Belle et a!., 1989) .
The components of larval behaviour are also affected by environmental factors. Green et al. (1983) observed that the rate of larval locomotion changes in the absence of food or in the presence of aversive concentrations of ethanol, which is a metabolic by-product of yeast fermentation in many of the natural breeding sites exploited by D. melanogaster (Muhammad-Au & Burnet, 1995) . Such changes in the rates of performance of behaviours are known as kineses and are discussed in detail by Fraenkel & Gunn (1940) and Schöne (1984) . Here we make a developmental comparison of the behavioural components of larval foraging in populations of D. melanogaster selected for differing intensities of aggregated oviposition behaviour and examine whether differences in larval behaviour affect the outcome of competition between them.
Materials and methods

Stocks
The stocks of D. melanogaster used were high aggregation (HA) and low aggregation (LA) lines, produced by continuous mass selection for more than 360 generations for differences in oviposition behaviour (Ruiz-Dubreuil & del Solar, 1986 , 1991 .
Genetically marked stocks LA spa and HA spa were synthesized by incorporating the mutant allele sparkling located on the fourth chromosome into the two selected lines LA and HA. Inversion-containing balancer chromosomes were used in a multigeneration crossing scheme which recovered homozygotes for the first, second and third chromosomes of each respective selected line in association with the spamarker. Serial backcrossing and reisolation of the derived spa-marked I-IA and LA genotypes each with its parental selected line was then made for several generations using large numbers to prevent bottleneck inbreeding effects. Quality control tests detected no significant differences between the selected lines and the corresponding genetically derived marked lines with respect to aggregated oviposition and larval behaviour.
Synchronized larvae Fertilized females aged 3-4 days were allowed to oviposit for 3 h on a layer of baker's yeast. Eggs were incubated at 25°C and newly hatched larvae maintained on fresh yeast at low density to exclude competition for food. Specified larval ages are reckoned in hours after hatching from the egg.
Behavioural observations
Using a stereomicroscope, each larva was observed in a 9 cm Petri dish containing a layer of agar gel. The substrate conditions used were: (i) agar gel, 3 per cent; (ii) agar gel overlaid with Drosophila Ringer's solution (Roberts, 1986) ; and (iii) agar gel overlaid with a suspension of fresh baker's yeast at 48 per cent w/v. A settling down period of 2 mm was allowed after transfer to the observation dish before scoring began.
Comparisons of behaviour were made at several points in development (4, 28, 52 and 76 h) using independent random samples of 50 larvae for each age and condition. Repeated measures were made on a random sample of 21 second instar larvae. The method of analysis used for the ensuing paired comparison is described by Sokal & Rohlf (1981) .
Behavioural observations were recorded and analysed using a 10 channel event recorder based on a Toshiba T1200 Laptop computer. The data consisted of a list of successive key presses and releases timed from the start of an observation period. The temporal position of each behaviour is thus stored and the duration of each bout of behaviour can be derived. All the behaviours (see Fig. 1 ) except feeding were analysed as previously described (Sewell et a!., 1975; Green et a!., 1983) . Feeding was recorded by depressing a specified key for each feeding movement of the mouth hooks. The intervals between successive feeding movements were compiled as a frequency distribution, the form of which was approximately normal for larvae feeding under control conditions on yeast. Breaks between bouts of continuous feeding frequently occurred when the larva was observed under conditions of food withdrawal. These breaks skew the distribution by producing a protracted tail of increasing break lengths. Examination of the frequency distributions of the larvae feeding on yeast indicates that at least 95 per cent of the intervals were less than 1.5 s. This period was therefore used as a threshold and any interval greater than 1.5 s was defined as an interbout break.
The data for feeding rate were then analysed to yield measures of the mean bout lengths and mean break lengths over the whole observation period, together with a mean within-bout rate. The withinbout rate per mm measures feeding rate when the effects of breaks have been discounted. Survival rate is expressed as the mean SE (percentages transformed to angles) for males and females combined. Body size is expressed as the mean SE of thorax length in arbitrary units (females). P is the probability that differences between HA and LA strains are the result of chance.
medium seeded with live yeast. Thorax length of adult females was measured as the distance from the pronotum to the distal end of the scutellum. This measure is highly correlated with body weight (Robertson, 1960) .
Small glass culture vials, 23 x 18 mm diameter, containing Ohba killed yeast medium were used for comparisons of survival (Table 3) . Details of this medium are given by del Solar et al. (1976) . Ten replicates were used for each condition.
Patch size and distribution
Fig. 1 Larval behaviours of Drosophila melanogaster. (a)
Starting from rest in the extended state (1) locomotion proceeds by pulling up the rear end anteriorily (2) creating a wave of compression and extension which passes serially through the segments (3) until it reaches the head (4); a further sequence is then initiated. The sequence (1) to (4) Green et al., 1983.) Resource distribution and survival Survival rates (Table 1) All experiments were carried out at 25°C under standardized conditions of humidity and illumination.
Results
Developmental comparison of the behavioural components of foraging
Behaviour on food Figure 2 shows components of foraging behaviour for larvae in yeast suspension. The locomotor activity of LA larvae was lower than for HA larvae but locomotion in both populations increased between first and second instar (Fig. 2a) . Locomotion by HA larvae remained at a high level into the third instar, then there was a reduction towards the end of the period of larval development. Rates of turning differ significantly with age and also between strains (AN0vA: ages F3,392 = 22, P <0.01); strains F1,392 = 20, P <0.01; interactionF3,392 = 10, P<0.01). The HA larvae have a relatively low rate of turning throughout larval development whereas LA larvae turn more frequently (P<0.01) during the precritical period. The rates are similar in the two strains during the third instar ( Fig. 2b ) and this means that the paths followed by LA larvae during the precritical period of development are more convoluted or meandering than those of the HA larvae.
Continuous periods of feeding activity may be interrupted by intervals in which no feeding occurs.
The observed rate of feeding is consequently a result of three variables: bout duration, number of feeding movements within each bout and the duration of intervals between bouts. Differences in feeding rate could arise as an effect of any or all of these. Developmental changes in feeding rates, and within-bout feeding rates, are very similar (Figs. 2c,d ), indicating that the gross feeding rate is largely influenced by modulations in the speed at which feeding movements are performed (intrabout rate), rather than by variations of the numbers and durations of feeding bouts.
The developmental profiles for feeding rates of the HA and LA strains are clearly different (AN0vA:
ages F3,392 = 24, P <0.01; strains F1,392 = 106, P <0.01; interaction F3,392 = 245, P<0.01). During the precritical phase of larval development, which precedes attainment of the critical body weight necessary for pupation, the feeding rates of LA larvae were significantly higher than for HA larvae (76 h) reversed. Feeding rate for LA larvae in late third instar is significantly below that for the HA larvae (F1,98 = 210, P<0.01).
Effects of food withdrawal Food withdrawal was effected by removing larvae from yeast and placing them on the surface of an agar gel. Figure 2a shows that locomotor activity of LA larvae on agar was approximately double compared with that in yeast at 4 h and 28 h. Locomotion of HA larvae showed only a small increase compared to the relatively high level on food at these ages. In the precritical period turning was significantly higher on agar than yeast in both strains (P<0.01). LA larvae performed the highest rates of turning (Fig. 2b) .
The frequencies of feeding movements made by the HA and LA larvae on agar were closely similar (Figs. 2c,d ). Young larvae performed very few feeding movements, but the durations of bouts of feeding and the within-bout feeding rates increased during the third instar. The profiles of age related change are virtually identical in the two strains.
Temporal modulations of behaviour On the surface of an agar gel the physical conditions are different from those when a larva is in yeast suspension. Larvae seem to prefer to be partially or wholly immersed in the substrate with the posterior spirades maintaining contact with the air. Some of the increase in locomotion observed when larvae are moved, from yeast onto agar, may be a response to the reduction of contact, or tactile stimuli, exerted by semi-liquid medium. Feeding movements on agar are made at lower frequency, especially by younger larvae. This is because physical contact, involving immersion of the head, seems to be important for releasing full expression of feeding activity. What is of interest, then, is how larvae respond to attenuation of the supply of nutrients, such as may from time to time occur in a heterogeneous environment. That is, are larvae able to detect dilution of the food supply, and do they respond by adjusting their feeding effort? To examine this question second instar larvae, in their precritical period of growth, were observed in yeast suspension (2 mm), then in Ringer's solution which contained no nutrients (28 mm) and again after being returned to yeast suspension (2 mm). The inclusion of a dual control, by observing behaviour in yeast suspension both before and after the period in Ringer's solution, allows us to test for any persisting physiological effects on behaviour caused by nutrient withdrawal.
After transfer to Ringer's solution a steady decrease in the mean locomotor activity of HA larvae took place over a 28 mm period (Fig. 3a) The pattern of response in both strains to attenuation of the nutrient supply was an abrupt increase succeeded by a reduction of feeding rate (Fig. 3 ).
The initial increase in feeding rate seems to indicate that larvae respond by increasing their feeding effort to maintain the rate of food acquisition. The subsequent progressive reduction of the mean feeding rate of both strains was to levels below those in the first yeast control period. The decrement in feeding rate in both strains was caused by a reduction in the mean within-bout rate of cephalopharyngeal retraction and by progressive increase in the mean durations of breaks between feeding bouts. During the first 20 mm in Ringer's solution the feeding rate remained consistently higher in the LA strain, but the two strains tended to converge after is mm. The control feeding rates in yeast suspension before transfer to Ringer's solution were 90.2±2.78 in the HA and 104.9 in the LA strain. After Ringer's solution they were 78.4 1.82 in the HA strain and 93.6 2.82 in the LA strain. ANOVAS for paired comparisons of feeding rates in yeast revealed that after the period in Ringer's solution they were significantly lower in both strains (HA strain: F1, 20 = 8.8, P<0.01; LA strain: F1, 20 8.0, P<0.05) . This delay in recovering the initial rates of feeding in the yeast suspension could result from persisting physiological effects which were not expressed in terms of locomotor activity.
Effects of the level and distribution of resources on growth and survival Standard' vial cultures Table i compares survival to the adult stage, and adult female body size, for larvae cultured in vials containing standard live yeast medium at optimal (50) and somewhat suboptimal (100) crowding densities (Sang, 1949) . No significant strain differences in survival rates were observed at either density, but body sizes of HA females were significantly higher than those of LA females. On 'standard' medium the growth of live yeast is supported by nutrients but, if the larval density is high, overexploitation of the available yeast biomass may occur. Reduced adult body size of both strains at the higher density may reflect a lower available level of food, or possible negative influences of other density-dependent variables (mean body size withinstrains at the two crowding densities is significantly different, P <0.01).
Patchy resources A larva requires a food provision equivalent to approximately 1 mg of live yeast to develop into a viable adult fly (Burnet et a!., 1977) . This amount of food gives rise to relatively undersized flies and was chosen as a nonrenewable resource provision to examine the effect of differing modes of spatial distribution on larval survival in large Petri dishes (Fig. 4) . Live yeast (100 mg) was spread uniformly (UR), or concentrated in one (P1), three (P3), and five (P5) patches. As a further control a nonlimiting quantity of yeast (200 mg) was spread as a uniform layer (UU).
ANOVA for survival to adulthood detected significant differences over the whole experiment (F569 = 24, P <0.01). Survival on the uniform spread (UU) was significantly higher than for each and every distribution pattern at 1 mg of yeast per larva (P<0.01 for each comparison). Survival on a single patch (P1) was significantly lower (P<0.01) than for any other condition. Survival on five patches (P5) was not significantly different from that on uniform
The Genetical Society of Great Britain, Heredity, 76, 55-64. distribution (UR), but significantly higher than on three patches (P < 0.01). Evidently, D. melanogaster larvae forage successfully for a limited food resource which is uniformly distributed, or when it is divided into multiple small patches, but the probability of survival is adversely affected if the same resources are concentrated into few patches.
Resources concentrated in a single patch Table 3 shows mean survival at different crowding densities in small vials. At low density there were no significant differences between strains either in monocultures or in mixed cultures, but increasing larval density was attended by a significant reduction in survival within each of the four genotype groups. Not one of the paired comparisons of means within density levels for LA spa versus LA, or HA spa versus HA, approached statistical significance, showing that the mutant spa is neutral with respect to survival. ANOVAS showed significant differences in survival between strains at densities of 100 and 200 larvae for both monocultures and mixed cultures.
Detailed comparisons of means (Duncan's test) confirmed that survival was consistently and significantly higher for LA over HA genotypes (P <0.01 in every case).
Discussion
The larvae of D. melanogaster must reach a critical body weight before they can pupate. The critical weight is reached early in the third instar. At the critical stage larvae have grown to less than half their final achievable body weight. The duration of the precritical period for larval growth can be protracted if nutritional conditions are limiting but, after critical weight is reached, hormonal changes lead to a fixed period of postcritical growth to pupa- terms of survival and duration of the developmental period, was compared using an extended linear series of patches of food in glass tubes ( Table 2 ). The limiting quantity of food (1 mg per larva) was distributed in equal sized patches spaced 20 cm apart. Under these conditions the mean rates of larval development, and survival, were significantly higher in the LA strain. In mixed cultures, when LA spa and HA larvae were in competition, survival of LA spa larvae was again significantly higher.
Survival is expressed as mean SE (angles). **Denotes differences which are significant at P.<0.01.
Survival is expressed as mean SE (in angles). **Denotes differences significant at P <0.01 per cent.
tion. The critical weight together with the growth increment in the postcritical period determine the body weight of the adult fly (Bakker, 1961; Robertson, 1963; Burnet et at., 1977) .
The developmental profiles for feeding rate of the LA and HA populations show strong genotype-age interaction. Larvae of the LA population have a faster feeding rate in the precritical growth period and reach critical mass earlier than those of the HA population. However, in the fixed postcritical growth period, superior feeding rate in the HA population leads to greater growth increment and superior adult body size. These conclusions are in accord with those of Burnet et at. (1977) for populations which were selected directly for differences in larval feeding rate.
It is interesting that larvae of both populations show an increase in turning rate when removed from food onto agar, the LA larvae showing the greater response, and consequently their foraging paths differ from each other. Also, larvae of the selected populations differ with respect to the effect of nutrient withdrawal on their locomotor activity. For the HA larvae the effects are relatively minor, but during the precritical period of development, LA strain larvae are significantly less actively engaged in locomotion when they are in yeast suspension compared with when they are on agar, and this could be energetically more efficient. Such a difference was not observed between larvae compared in a liquid milieu (i.e. in yeast suspension and then in Ringer's solution). Increased locomotor activity of larvae on agar was previously observed by Green et at. (1983), who proposed that appetitive food seeking behaviour in a non-nutritive environment could be the reason. The results presented here raise the quesThe Genetical Society of Great Britain, Heredily, 76, 55-64. The genetic basis of the divergence in larval behaviours in the HA and LA populations in response to selection may lie in the pleiotropic effects of the genes controlling the aggregated oviposition behaviour of the adult females. Such pleiotropic interactions between larval and adult behaviours involving rover and sitter phenotypes are described by Periera & Sokolowski (1993) . Also, correlated changes in larval characters may be caused indirectly by disruption of the linkage relations of coadapted gene complexes (Falconer, 1989) . Bearing in mind the small number of linkage groups in the genome of D. melanogaster, the latter is quite likely.
Concentration of limited food resources into a single available patch is suboptimal for larval survival compared with division of the same absolute amount into several accessible patches. The reasons for this require further investigation and may derive from physical interference between individuals. Contact between larvae frequently leads to temporary cessation of feeding, and when this happens larvae sometimes slash at each other with the mouth hooks. On the other hand, larval interactions with the metabolic products of other individuals can cause both facilitation and interference in growth and survival (Dawood & Strickberger, 1969; Budnik & Brncic, 1975) . Graf & Sokolowski (1989) critical period (24 and 48 h), and greatest expression of the rover phenotype in the postcritical period (72 and 96 h). Furthermore, food absence reduced the expression of the rover phenotype. Exact comparisons with our findings are precluded by differences in the genotypes and conditions, and because the behavioural measures that have been used in the two studies are not the same. Nevertheless, it seems that, because of the apparently late onset in the postcritical period of full expression of the rover phenotype, the for locus can have only a minor impact on differences in growth to attainment of larval critical weight, but could have an important influence on the postcritical growth increment contributing to adult body size, as well as on larval vagility affecting choice of pupation sites (Sokolowski & Hansell, 1983) . If a larval behaviour is primarily relevant to food acquisition it would be expected that it should be strongly expressed when food is scarce, and that it will be strongly expressed during the precritical phase of development when it will have greatest effect on viability.
From the standpoint of competition, differences in larval behaviour, development rates and adult body size between the HA and LA populations have consequences for immediate and prospective fitness. Robertson (1957) found body size to be positively correlated with egg production. On the other hand recent findings by Santos et al. (1994) show that genetically larger individuals are at a disadvantage when larval density increases. In a patchy environment differences in foraging behaviour should crucially determine the outcome when competition between alternative genotypes actually occurs. The LA larvae are clearly more flexible in adjusting their locomotor rate depending on food availability, and the higher feeding rate of the LA larvae during the precritical growth period leads to a clear prediction that they should be the superior competitors in the short-term. This is amply confirmed by the significantly higher mean survival rate of LA larvae when the food supply is limiting, whether resources are concentrated into a single patch or subdivided into many patches. Our findings demonstrate that larval feeding rate in the precritical period of larval development of D. melanogaster is a principal component of fitness for this scramble-type competitor. equipment grant from the University of Sheffield Research Fund, each of which is gratefully acknowledged. Fig. 1 was redrawn from Green ci' a!. (1983) with permissison of Academic Press Ltd., London.
